Altered temporal correlations in parietal alpha and prefrontal theta oscillations in early-
Introduction
Psychological and neuroimaging data suggest that the brain performs many important functions during rest, such as retrieval and manipulation of information in short-term memory, and problem-solving and planning (Binder et al., 1999; Mason et al., 2007) . These resting-state functions may represent an essential aspect of human self-awareness and are susceptible to impairment in brain-related disorders including depression, schizophrenia, and dementia (Smallwood and Schooler, 2006) .
Neuroimaging has identified anatomical patterns of activity that are remarkably consistent across resting-state experiments, most notably in the precuneus, lateral parietal and medial prefrontal cortices (Damoiseaux et al., 2006; Fox and Raichle, 2007) . The existence of such typically involve a series of operations that require temporal coordination of neuronal activity across many time scales (Cowan, 1998; Linkenkaer-Hansen et al., 2005) . This is true particularly during rest where thoughts unfold on time scales of several seconds and, thus, require ongoing mnemonic activity, such as retrieval, retention, and manipulation of information (Buckner et al., 2008) , to ensure continuity and integrity of conscious experiences (Smallwood and Schooler, 2006) . Interestingly, working-memory studies have recently associated encoding and retention of information with a sustained increase in the oscillation amplitude for several seconds in multiple brain areas and frequency bands, suggesting that a slow modulation of oscillatory activity is an important systems-level mechanism of mnemonic operations (Raghavachari et al., 2001; Jensen et al., 2002; Jokisch and Jensen, 2007) . It remains unknown, however, whether amplitude modulation of local oscillatory activity is impaired in a memory disorder like AD and, therefore, could hold valuable diagnostic and prognostic information (Greicius et al., 2004; Fox and Raichle, 2007) . The development of objective measures, or so-called "biomarkers," that are sensitive to pathophysiological changes in AD is important for our understanding of the disease, and may enhance our ability to monitor disease progression and provide insights into systems-level mechanisms of mnemonic abilities.
We measured ongoing activity with whole-scalp magneto-encephalography (MEG) in patients diagnosed with early-stage AD and in agematched control subjects. We quantified the temporal structure of oscillations on short-to-intermediate time scales (<≈1 s) using cumulative distribution functions of the life-and waiting-times of oscillation bursts. The autocorrelation structure of amplitude fluctuations in ongoing oscillations on long time scales (1-25 s) was characterized using detrended fluctuation analysis (DFA). Our results point to an aberrant autocorrelation structure of temporo-parietal alpha oscillation and medial prefrontal theta activity in early-stage AD.
Results
We measured ongoing activity during eyes-closed rest in patients diagnosed with early-stage AD (n = 19) and in age-matched control subjects (n = 16) using a 151-channel MEG system. The amplitude envelope of oscillations in the delta, theta, alpha, beta, and gamma bands was extracted using bandpass filters and the Hilbert transform ( that captures the fat tail in the distribution of "life-times" (H) and "waiting-times" (I) for the AD patient (thick red line) and control (thin blue line). The DFA exponent provides a quantitative index of the persistence of autocorrelations on longer time scales (1-25 s) and is the slope of the least-square fitted lines in (J). The stronger autocorrelations in the control subject (J, blue circles) compared with the AD patient (J, red diamonds) is reflected in a DFA exponent closer to 1 (0.81 vs. 0.58). The lack of temporal correlations in (E) is reflected in the DFA exponent having the value of ≈0.5, which is characteristic of an uncorrelated random process (J, black dots). All data were taken from a parietal channel.
To test our hypothesis that the amplitude modulation of local oscillatory activity holds information about pathophysiological changes in earlystage AD, we adopted an "avalanche analysis" from the study of critical phenomena to characterize amplitude fluctuations on short to intermediate time scales (< 1 s) (Harris, 2002; Plenz and Thiagarajan, 2007) . We quantified the time periods that oscillations were above and below the median amplitude level in individual channels. These periods are termed oscillation life-and waiting-times, respectively (Fig. 5.2A, see Materials and Methods) . Visual inspection suggested that the life-and waiting-time probability distributions for the alpha band decayed slowly compared to those of temporally uncorrelated signals that were filtered and analyzed identically to the MEG signals ( Fig. 5 .2 F and G; for grand averages see Fig. 5 .S1 C and D). We computed the cumulative probability distributions and extracted the 95 th percentile as an index of the probability of oscillations to have long life-or waiting-times in a given location and frequency band ( Fig. 5 .2 H and I; for grand averages see Fig. 5 .S1 E and F). These indices are termed "life-and waiting-time biomarkers." We used DFA to quantify the autocorrelation structure on time scales corresponding to multiple oscillation bursts (1-25 s, Fig. 5 .2 C-E and J; for grand averages see Fig. 5 .S1 G), because this algorithm has previously been shown to robustly estimate the strength of long-range temporal correlations (Linkenkaer-Hansen et al., 2001 , 2007 . The life-time biomarker revealed a lower incidence of long alphaoscillation bursts over temporo-parietal regions in the patients with 95 th percentiles at 446 ± 19 ms in AD and 546 ± 25 ms in controls ( Fig The DFA analysis showed that the lower persistence of temporal correlations in temporo-parietal alpha oscillations in the patients extended to time scales of multiple bursts (Fig. 5 .3E, DFA exponents 0.66 ± 0.01 in AD and 0.72 ± 0.01 in the control group, P < 0.005), whereas medial prefrontal theta merely exhibited a trend toward stronger correlations as observed on short-to-intermediate time scales (Fig. 5 .3F, DFA exponents 0.68 ± 0.01 in AD and 0.65 ± 0.02 in the control group, P = 0.16). Note that the MEG data were transformed to planar synthetic gradiometers, which are maximally sensitive to neuronal currents immediately below the sensor (see Materials and Methods). The changes in amplitude dynamics are particularly interesting in view of the lack of a group effect on mean amplitude in the alpha band ( Fig. 5.3G ) and the difference in topography between AD-associated increases in amplitude and in lifeand waiting-times in the theta band ( Fig. 5 .3B, D, and H). Group differences in DFA, life-and waiting-time biomarkers were not significant in the delta, beta, or gamma bands (Fig. 5 .2A-C); however, the control subjects had mean amplitudes that were larger for parietal beta and smaller for left temporo-parietal delta activity compared with those of the patients (Fig. 5.S2 D) .
The tendency of a signal to both stay elevated for relatively long periods and to remain at low levels for long periods is characteristic for a process that is correlated on long time scales (Beran, 1994) . It is not trivial, however, that temporal correlations on short-to-intermediate time scales extend to longer time scales (Poil et al., 2008) . Pearson correlation analysis of life-and waiting-time biomarkers vs. DFA revealed a significant linear correlation in the theta band for both groups, but only a significant correlation between the life-time biomarker and DFA in the alpha band (Fig. 5.S3 ).
Discussion
We have investigated the temporal pattern of ongoing MEG activity at the level of individual sensors and identified an aberrant autocorrelation structure of temporo-parietal alpha and medial prefrontal theta oscillations in early-stage AD. These brain regions have been implicated with mnemonic operations in normal subjects and, especially the temporo-parietal regions, exhibit structural, metabolic, and blood-flow deficits in AD. Taken together with previous electrophysiological data pointing to a sustained increase of parietal alpha and medial prefrontal theta during encoding and retention of information (Raghavachari et al., 2001; Jensen et al., 2002; Jokisch and Jensen, 2007) , our results suggest that amplitude modulation of neuronal oscillations may be important for memory and strongly affected by AD.
The DFA analysis of ongoing oscillations has previously been shown to identify pathophysiological states with spectral and anatomical specificity. In major depressive disorder, temporal correlations were selectively attenuated in the theta band (Linkenkaer-Hansen et al., 2005) , whereas abnormally strong correlations were found near the seizure zone in epilepsy patients, primarily in the beta band (Parish et al., 2004; Monto et al., 2007) . Here, we identified a pattern of weaker autocorrelations in alpha oscillations in AD, extending from the parietal region and bilaterally toward the temporal lobes. The life-and waiting-time analysis complemented the DFA in identifying a more random autocorrelation structure of temporo-parietal alpha oscillations on short to intermediate time scales in the patients. This is particularly interesting in view of the insignificant effect of AD on oscillation amplitude in the range of 6-13 Hz, suggesting that the temporal structure is at least as important as the magnitude of the oscillations as a marker of pathophysiology and, possibly, for mnemonic operations. The topographies agree remarkably well with previously identified anatomical regions expressing Alzheimer's associated pathologies based on reductions in blood flow and metabolism during rest (Johannsen et al., 2000; Buckner, 2004) , cortical atrophy (Thompson et al., 2003) , and amyloid deposition (Buckner, 2004) .
Theta oscillations have also been implicated with working-memory activity, especially in medial prefrontal regions (Gevins et al., 1997; Raghavachari et al., 2001; Jensen et al., 2002) , which are also part of the "default resting-state network" (Gusnard et al., 2001) . Medial prefrontal cortex is also a prominent target of AD, however, mostly in later stages (Johannsen et al., 2000; Thompson et al., 2003; Buckner, 2004) . In fact, several studies have provided evidence for an increased recruitment of frontal regions, possibly to compensate for structural and functional changes elsewhere in the brain [for a review, see (Buckner, 2004) ]. We identified a prominent increase in short-to-intermediate time-scale, autocorrelated activity in medial prefrontal theta activity in the AD patients, which is in sharp contrast to the weaker correlations in temporo-parietal alpha. In line with previous neuroimaging studies, we speculate that the frontal increase reflects a compensatory response to maintain memory performance during the initial stages of disease.
It is increasingly being recognized that resting-state activity in neurocognitive networks have a multiscale spatiotemporal structure (Nikouline et al., 2001; Bressler and Tognoli, 2006; Honey et al., 2007) . We have previously proposed that the amplitude modulation of oscillations and their temporal correlations on time scales of seconds to tens of seconds may be important for the temporal integrity of cognition (Linkenkaer-Hansen et al., 2005). Higher cognitive functions, such as maintaining continuity of thoughts during rest, require causal sequences of neuronal activity, which may give rise to temporal correlations on multiple time scales. Interestingly, psychological and fMRI studies have pointed to prominent mnemonic activity during rest (Binder et al., 1999) , and brain regions involved in mnemonic tasks (Buckner, 2004; Kuhl et al., 2007) overlap considerably with those showing high activity during rest (Fox and Raichle, 2007) . Thus, converging functional and anatomical evidence suggests that autocorrelated amplitude dynamics of temporo-parietal alpha oscillation and frontal theta during rest may be implicated in mnemonic processing and, therefore, not unexpectedly, affected in AD, as we have reported here.
Memory is believed to depend on the functional connectivity between different brain areas, and the cognitive symptoms of AD have therefore been proposed to reflect a "disconnection syndrome" (Delbeuck et al., 2003) . Indeed, there is considerable evidence pointing to deficits in the functional connectivity (Lustig et al., 2003; Babiloni et al., 2004; Greicius et al., 2004; Rombouts et al., 2005; Stam et al., 2005 Stam et al., , 2006 , which may be related both to structural atrophy (Buckner, 2004 ) and deficits in cholinergic or other neurotransmitter systems (Delbeuck et al., 2003; Osipova et al., 2003 Osipova et al., , 2005 Maxim et al., 2005) . Failures in any of the components of a large-scale circuit are expected also to affect the temporal dynamics of local activity. It is therefore plausible that the abnormally weak correlations in alpha oscillations on time scales up to 25 s could in part be attributed to a "disconnection" in a large-scale network.
Our comparison of patient and control groups has provided fundamental insight into the pathophysiology of AD and indirect evidence for a functional role of stable oscillations in memory. In line with previously proposed neuroimaging biomarkers of early-stage AD (Greicius et al., 2004) , however, we found an overlap between the two subject groups. This is expected, because of the genetic variability of biomarkers: e.g., a subject with a genetic background causing a high DFA exponent of parietal alpha oscillations may fall outside the distribution of exponents for healthy subjects only in later stages of AD compared to a subject with a genetic background associated with a lower DFA exponent (Linkenkaer-Hansen et al., 2007) . In longitudinal studies, however, the heritability of biomarkers is expected to increase specificity and statistical power. We therefore propose that longitudinal mapping of the temporal structure of oscillations may prove valuable in preclinical trials aimed at investigating the progression and treatment response of patients with AD or other memory disorders (Thal et al., 2006) .
Methods and Materials
Subjects. The study involved 19 patients [73.9 ± 6.4 years (mean ± standard deviation); 11 males] with a diagnosis of probable AD according to the NINCDS-ADRDA criteria (McKhann et al., 1984) and 16 healthy control subjects (70 ± 6.2 years; 7 males), i.e., with no known brain-related disorder. Patients and control subjects were recruited from the Alzheimer Center at the VU University Medical Center. Subjects were assessed according to a clinical protocol, which involved history taking, physical and neurological examination, blood tests, Mini-Mental State Examination (MMSE; total number of points = 30) (Folstein et al., 1975) , neuropsychological tests, and EEG. The final diagnosis was based upon a consensus meeting where all of the available clinical data and the results of the ancillary investigations were considered. Mean MMSE of patients was 21.3 (range: 14-28). Five controls were tested with MMSE (mean score 29, range: 26-30). Ten patients were taking cholinesterase inhibitors (7 patients were taking 24 mg/d galantamine and 3 patients were taking 12 mg/d rivastigmine. The same patients and MEG recordings were used in the study of Stam et al. (Stam et al., 2006) . The study was approved by the Medical Ethical Committee of VU University Medical Center, and all patients or their caregivers had given written informed consent. MEG Recording. Four minutes of data were acquired on a 151-channel MEG system (CTF Systems) at 625 Hz and band-pass filtered from 0.25 to 125 Hz. The subjects were comfortably seated and were instructed to close their eyes. The same acquisition settings were used for an empty-room recording without a subject in the MEG device to estimate the background noise of the laboratory.
Data Analysis. The recordings were down-sampled off-line to 125 Hz, high-pass filtered at 1 Hz and low-pass filtered at 45 Hz, using finite impulse response filters. The broadband data were visually inspected in segments of 5 seconds in the EEGLAB (Delorme and Makeig, 2004) data scroll viewer and segments containing non-periodic artifacts were marked and omitted from the analysis. Independent component analysis was performed with EEGLAB and components representing ECG, eye movements, or muscular artifacts were removed. Bad channels were repaired by replacing them with the average of their neighbors, and planar synthetic gradiometers (for two orthogonal directions giving 300 synthetic sensors) were computed using the Fieldtrip toolbox (http://www.ru.nl/fcdonders/fieldtrip/) and a method previously described (Bastiaansen and Knösche, 2000) . Planar synthetic gradiometers (for two orthogonal directions giving 300 synthetic sensors) were computed (Bastiaansen and Knösche, 2000) . The planar gradient fields are typically largest in magnitude directly above a given source (Bastiaansen and Knösche, 2000; Jokisch and Jensen, 2007) and, therefore, provide an interpretation of topographic distributions that is analogous to projections of statistical maps onto the surface of the brain in PET and fMRI. The amplitude envelope of the oscillations was extracted using bandpass filters (finite impulse response filters with a Hamming window) and the Hilbert transform ( Fig. 5.2 A and B) . The following filter settings were used (cut-off frequencies, filter order): delta (2-3 Hz, 251), theta (4-5 Hz, 63), alpha (6-13 Hz, 28), beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) 28) , and gamma (30-45 Hz, 13). The mean oscillation amplitude was computed as the time-averaged amplitude envelope.
For each synthetic sensor and subject, we computed the median amplitude and used this as the threshold for defining the beginning and the end of an oscillation burst. The periods of the amplitude envelope remaining above and below this median level were termed life-and waiting-times, respectively (Fig. 5.2A ). Probability distributions of lifeand waiting-times were initially computed using equidistant binning on a logarithmic axis with 10 bins per decade. Based on visual inspection of probability distributions in the alpha band from MEG channels in the parietal region, which have a high signal-to-noise ratio, it was found that both subject groups had probability distributions that decayed slowly compared to those of the empty-room recording or temporally uncorrelated signals that were filtered and analyzed identically to the MEG signals with a subject in the scanner (Fig. 5 .S1 C and D). We computed the cumulative probability distributions and extracted the 95 th percentile (Fig. 5.2 H and I; Fig. 5 .S1 E and F) as a quantitative index of the fattailed probability distributions of life-and waiting-times in a given sensor location and frequency band ( Fig. 5 .2 F and G; Fig. 5 .S1 C and D). We refer to the 95 th percentiles as "life-and waiting-time biomarkers." It is possible that the reported alteration in the temporal dynamics of ongoing oscillations in the AD patients can be detected also with other time series methods. The threshold was based on local properties of the signal (the median in individual sensors), because large differences in asynchronous back-ground MEG and, potentially, differences between sources and sensors make it impossible to define an absolute threshold that can be used across all subjects and sensors. To test whether our main result was sensitive to changes in the relative threshold, we repeated the analysis in the alpha band using thresholds of 25% above and below the median level (Fig. 5.S4 A and B) . These changes naturally affect the exact estimates of individual oscillation-burst life-times, however, topographic differences between the patients and the control group were strikingly similar for the three different thresholds (Fig. 5.S4 ). In contrast, the use of an absolute threshold (the median level in a parietal sensor from subject 1) resulted in the problem that different subjects and different channels were considered to have no oscillations, which makes it impossible to perform a statistical analysis of the two subject groups.
The DFA was used to analyze the decay of temporal (auto)correlations in the time range of 1-25 s, also known as long-range temporal correlations (LRTC). The DFA was introduced as a method to quantify correlations in complex data with less strict assumptions about the stationarity of the signal than the classical autocorrelation function or power spectral density (Peng et al., 1994 ). An additional advantage of DFA is the greater accuracy in the estimates of correlations, which facilitates a reliable analysis of LRTC up to time scales of at least 10% of the duration of the signal (Gao et al., 2006; Linkenkaer-Hansen et al., 2007) . The main steps from the broadband MEG signal to the quantification of LRTC using DFA have been explained in detail elsewhere (Linkenkaer-Hansen et al., 2001; Linkenkaer-Hansen et al., 2004; Nikulin and Brismar, 2005) . In brief, the DFA measures the scaling of the root-meansquare fluctuation of the integrated and linearly detrended signals, F(t), as a function of time window size, t (Fig. 5.2J and Fig. 5 .S1G). The DFA exponent is the slope of the fluctuation function shown in Fig. 5.2J . A larger DFA exponent in the interval of 0.5 to 1.0 indicates a greater persistence of temporal correlations (stronger autocorrelations), whereas an uncorrelated signal is characterized by an exponent of 0.5. Statistical Analysis. The biomarker value in each channel was computed as the average across the two orthogonal synthetic sensors. Twotailed t-tests between patient and control groups were performed; P-values below 0.05 and 0.01 are indicated on topographic plots. A correction for multiple comparisons was not necessary, because the number of channels with P-values below 0.05 ranged from 13 and 38 and the likelihood of having this many channels out of 150 by chance is less than 2% (cf. binomial distribution). Furthermore, the channels were anatomically clustered in the topographic plots (Fig. 5.3) . Biomarker values of patient and control groups are reported as mean ± standard error of mean (SEM) based on the average values across channels with P < 0.05 in the initial two-tailed t test. Group differences in these cross-channel means were computed using the two-tailed t test. 
